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Abstract
In this research a novel and simple electrochemical method is developed in order to fa-
cilitate the large-scale production of nanowires. The proposed electrochemical technique
shows versatile controllability over chemical composition and crystalline structure of Cu-Sn
nanowires. Another important factor, which could be controlled by using this method, is
the order structure of nanowires more accurately in comparison to conventional synthesizing
procedures. As a result, the Cu-Sn nanowires as well as Aluminum Oxide templates synthe-
sized by using the proposed electrochemical method are examined due to their morphology
and chemical structure to find a relation between electrodeposition’s solution chemistry and
materials properties of Cu-Sn nanowires. The results show that the proposed electrochemical
method maintains a highly-ordered morphology as well as versatile controllability over chem-
ical composition of nanowires, which could be used to optimize the procedure for industrial
applications due to low cost and simple experimental setup.
Keywords: Cu-Sn nanowires, Highly-ordered Aluminum Oxide, Electrodeposition, AC
electrochemical deposition, Self-assembled templates
1. Introduction
Tin (Sn) based anodes are rigorously studied in order to increase the Li-ion batteries’
capacities [1–22]. Although, large volumetric strains, during Li+ insertion/extraction, could
lead to mechanical failure of anodes and reduce the cyclability of Lithium-ion batteries [23–
25]. As a result, alloying the anode material (i.e. Sn) with mechanically stable elements
(e.g. Ni, Co, Cu, graphene, etc.) method is developed in order to achieve promising cycling
performance and utilizing the higher capacity of Tin (Sn) simultaneously [1–3, 6, 12, 15].
Furthermore, nanostructured version of these Tin based alloys (e.g. nanowires, nanopar-
ticles, etc.) could stabilize the volumetric strains more effectively, because of their small
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volume changes in comparison to thin films [26]. Although, synthesizing the nanostructures
in large volume for industrial applications is challenging due to their expensive and time
consuming production methods, such as: surfactant based techniques or self-assembling of
0D nanostructures [27–29]. However, electrodeposition methods (e.g. direct or alternating
current techniques) have shown more accurate controllability over materials morphology
and chemical composition of nanostructures in comparison to conventional production tech-
niques as well as their easier scalability for industrial applications [30–32]. Electrodeposition
of metallic alloys in the ordered self-assembled templates (e.g. Al2O3, TiO2, porous poly-
carbonate, etc.) is developed primarily to control the morphology of nanostructures [33–37].
The main disadvantage of conventional direct current electrodeposition methods in order to
synthesize nanostructures in self-assembled templates, is the practical difficulties of produc-
ing a conductive self-assembled structure due to low conductivity of templates’ materials
[38–51]. On the other hand, alternating current (AC) electrochemical deposition method is
primarily developed to overcome the technical difficulties, related to removing the barrier
layer of the anodic Aluminum Oxide (AAO) and coating this self-assembled template with
conductive materials [52]. As a result, the AC electrodeposition technique has a potential to
facilitate the industrial scale production of nanostructures with a highly controlled morphol-
ogy as well as their chemical structure [34]. In this research, AC electrochemical deposition
method has been deployed to synthesize highly-ordered Cu-Sn nanowires in Aluminum Ox-
ide templates. In the first section of this research paper, two steps anodization technique,
which is used to produce a highly-ordered template, as well as its morphological properties
will be discussed in details. Then morphological properties as well as chemical structure
of synthesized Cu-Sn nanowires will be investigated in order to examine their crystalline
structures as well as controllability of nanowires’ chemical composition. All the experiments
in this research are done at room temperature, which facilitates its generalization for indus-
trial scale applications due to technical difficulties related to costly temperature controlling
systems [53].
2. Materials and methods
2.1. Two step anodizing
Before anodizing of planar Aluminum samples (Merck KGaA, 99.95%, 0.3 mm thickness
- annealed), electrodes are electropolished (A = 1cm2) in HClO4 60 wt. % solution. In
fact, the electropolishing voltage and temperature are fixed at 2 V and room temperature
(25◦C) respectively. Also, the electropolishing time is optimized at 5min in order to achieve
a highly smooth surface without primary amorphous Aluminum Oxide. In both the first
and second steps of anodization procedure, the electrodes are anodized in C2H2O4 0.3M
solution. Furthermore, anodization time, voltage, and temperature are fixed at 2h, 40 V and
room temperature (25◦C) respectively for first and second steps of this anodizing procedure.
Synthesized porous Aluminum Oxides after the first step of anodization are etched in a
solution of 0.6M H3PO4 85 wt. % - 0.2M H2CrO4. The etching temperature and time are
fixed at 60◦C and 30min respectively. The main challenge, in order to use Aluminum Oxide
templates for electrodeposition purposes directly, is how to reduce the electrical resistance
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of Al2O3 barrier layer, which prevents the electrical current flow through the thick insulative
layer at the bottom of the pores (i.e. barrier layer) [54–58]. In this research, the barrier layer
thinning (BLT) procedure (i.e. reducing the second step anodization voltage gradually),
which is shown as a voltage-time plot in fig. 1 schematically, is used to reduce the electrical
impedance of the Aluminum Oxide layer at the bottom of the pores. Additionally, the
electrical impedance of the electrodes, before and after BLT procedure, are examined by
using impedance spectroscopy.
2.2. AC nanowire electrodeposition
The AC electrochemical deposition technique is employed to reduce Cu2+ and Sn2+ ions
in the pores of self-assembled Aluminum Oxide template. In all the experiments of this
section, pH as well as Boric acid (H3BO3) concentration, root mean square (RMS) voltage,
and AC signal’s frequency are fixed at 1, 0.5M, 10 V, and 200 Hz respectively. As a result,
10 samples are prepared to investigate the effect of Tin Sulfate (SnSO4) concentration on the
chemical composition of produced nanowires. The SnSO4 concentration is changed from 0
to 0.5M and chemical composition as well as crystalline structure of deposited nanowires are
examined by using energy dispersive spectroscopy (EDS) and X-ray diffraction respectively.
2.3. Materials characterization
Samples’ characterization, which was used to investigate morphology of self-assembled
templates as well as Cu-Sn nanowires, was done with a field emission scanning electron mi-
croscope (FE-SEM) Quanta 3D FEG (FEI, Phillips, The Netherlands). In order to examine
the pore sizes as well as morphology (i.e. order structure) of nanowires, ImageJ [59] image
processing software is used to obtain quantitative information on the average diameter of
the self-assembled templates’ pores’ diameter and length, as well as diameter of the elec-
trodeposited Cu-Sn nanowires. The crystalline structure of the Cu-Sn nanowire alloy was
analyzed by X-ray diffraction using a Rigaku Ultima IV diffractometer with Co K radiation
and operating parameters of 40 mA and 40 kV with a scanning speed of 1◦ per minute
and step size of 0.02◦. Finally, the impedance spectroscopy of the anodized samples were
done by using a MultiPalmSens4 potentiostat in order to compare the electrical resistance
of anodizied samples before and after barrier layer thinning procedure.
3. Results and discussion
3.1. Aluminum Oxide morphology
The porous morphology of two steps anodized Aluminum Oxide is shown in fig. 2. Ac-
cording to fig. 2(a), which is analyzed by using image processing techniques, it could be
understood that the average pore size of this self-assembled template is 60 nm. Furthermore,
the order structure of this porous medium is analyzed by using the fast Fourier transform
(FFT) technique in order to examine the spatial structure of pores and their deviation from
honeycomb structure. As a result, according to fig. 2(b), the FFT result of this AAO mi-
crostructure shows 6 strong bright dots, which indicates that a perfect honeycomb structure
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is achieved after the second step of anodization. Additionally, in order to examine the as-
pect ratio of self-assembled pores of AAO, a cross-sectional FE-SEM microscopy is done to
estimate the thickness of Aluminum Oxide after the second step of anodization (cref. fig. 3).
As shown in fig. 3(a), the thickness of AAO template is about 33 µm. As a result, the aspect
ratio of pores, which is defined as the ratio of thickness over diameter, could be estimated as
550. Also, this aspect ratio will be increased for nanowires after AAO dissolution because of
nanowires’ radial shrinkage due to compressive residual stresses [60, 61]. The wall thickness
of pores in self-assembled AAO template is estimated as 60 nm, which is shown in fig. 3(b).
This highly ordered structure after the second step of anodization is achieved because: the
quantum dots are created on the electrode’s surface after etching step, which could facilitate
the directional growth of AAO as well as controlling of its diameter more precisely [62].
3.2. Impedance spectroscopy of Aluminum Oxide template’s barrier layer
Impedance spectroscopy is done in order to examine the electrical resistance of barrier
layer before and after the thinning procedure. Additionally, the impedance of barrier layer
directly could be related to its thickness as [63, 64]:
Z =
1
(jω)aCbl
(1)
dbl =
r0S
Cbl
(2)
Where Z is the electrical impedance, j =
√−1 is the imaginary unit, ω is the frequency,
a is frequency scattering factor, Cbl is the barrier layer capacity, dbl is the barrier layer
thickness, r is the relative electrical permittivity, 0 is the electrical permittivity of vacuum,
and S is the surface area of the sample. The impedance magnitude versus frequency and its
real part versus imaginary part (Nyquist plot) for before and after the barrier layer thinning
procedure are shown in fig. 4(a) and fig. 4(b) respectively. The equations 1 and 2 are used to
fit them into the Nyquist plots (cref. fig. 4) and as a result, the obtained values for barrier
layer thicknesses before and after BLT procedure are 20nm and 5nm respectively. This
calculation shows that the BLT procedure reduced the barrier layer thickness 4 times smaller,
which could increase its conductivity and facilitate the AC electrochemical deposition step.
Additionally, the electrical circuits equivalence of the Nyquist plots are extracted due to the
fitted parameters which are shown in fig. 5. According to these electrical circuits, it could
be understood that the second resistance/capacitance pair remained constant before and
after BLT procedure. However, the electrical resistance of first resistance/capacitance pair
is reduced by three orders of magnitude, which shows the electrical resistance is reduced
after BLT procedure significantly (cref. fig. 5).
3.3. Cu-Sn nanowires
FE-SEM microscopy technique is used to investigate the morphology of Cu-Sn nanowires
after dissolution of AAO template in 1M NaOH solution. In fig. 6, Cu-Sn nanowires
are shown in two different resolutions, which show their long-range order structure (cref.
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fig. 6(a)) as well as the diameter of the nanowires (cref. fig. 6(b), 25 nm). As a result,
according to fig. 6(b), it could be understood that the aspect ratio of the nanowires are
increased by a factor of 2, which could increase their surface to volume ratio as well as
their chemical reactivity for practical applications. Also, the EDS and X-ray diffraction
techniques are used to examine the chemical composition and crystalline structure of Cu-Sn
nanowires respectively (cref. fig. 7). According to fig. 7(a), there are some residual Al2O3
due to presence of Aluminum and Oxygen peaks. These residual Aluminum Oxide could be
eliminated by increasing the AAO template dissolution time. Additionally, due to fig. 7(b),
it is shown that the cystalline structure of nanowires is a mixture of unreacted crystalline
Sn and η−Cu6Sn5 intermetallic compound. Due to conventional DC electrochemical depo-
sition procedures, the growth of intermetallic compounds needs a post heat treatment step
to facilitate the re-nucleation and growth of crystalline structures [65–73]. As a result, the
observed intermetallic compound (η−Cu6Sn5, cref. fig. 7(b)) in Cu-Sn nanowires could be
justified due to increasing the temperature during AC electrochemical deposition because of
the high resistivity of pores’ walls. In fact, the electrical current flow chose the low resistance
pathway through the barrier layer in order to reduce Copper and Tin ions, but the excess
amount of electrical current flow through pore wall pathway will generate local thermal en-
ergy (e = |J|
2
σ
. where e is the thermal energy, J is the electrical current density vector, and σ
is the electrical conductivity), which causes local heat treatment of the amorphous mixture
of Copper and Tin [74]. Furthermore, η−Cu6Sn5 intermetallic compound shows promising
higher efficiency in Lithium-ion batteries [75]. As a result, this AC electrochemical de-
position technique could be optimized to eliminate the unreacted Sn in the nanowires by
controlling the voltage, frequency, and chemical composition of the solution. Additionally,
by using EDS results, it is possible to find a direct relation between the solution chemistry
and the nanowires chemical composition, which could be used to optimize this AC electro-
chemical deposition procedure aiming to maximize the amount of η−Cu6Sn5 intermetallic
compound and efficiency of Lithium-ion batteries. Hence, the solution and nanowires chem-
ical compositions of 10 samples (swept SnSO4 concentration from 0 to 0.5M) are tabulated
in table 1.
The experimental data as well as the linear fitted equation for the relation of the solution
and nanowires chemical compositions are plotted in fig. 8. As a result, the final fitted
equation which could relate the chemical composition of solution with nanowires structure,
is obtained as:
wt.Sn ∈ NWs = 0.95× wt.Sn ∈ Solution+ 1.6 (3)
This relation (cref. equation 3) could be used to optimize the chemical composition as
well as crystalline structure of Cu-Sn nanowires and ultimately increase the efficiency of
Lithium-ion batteries.
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4. Conclusions
In this research, an AC electrochemical deposition technique is developed, which could
be easily used to synthesize metallic nanowires with highly-ordered structure and reasonable
controllability over the chemical composition as well as the crystalline structure. Addition-
ally, this technique could facilitate the large-scale production of nanostructures due to the
in-situ heat treatment of nanowires as well as the room temperature operating environment.
As a result, this technique could be generalized to develop industrial scale coating facilities,
which could be used in Lithium-ion battery production as well as other industries, such
as: biomedical applications [76–79], oil and gas extraction plants [80–82], and nanoparticles
technologies [83]. Finally, these Cu-Sn nanowires’ production technique should be optimized
by using the proposed electrochemical synthesizing procedure, and be examined in assem-
bled Lithium-ion batteries to accurately measure their capacity as well as efficiency in order
to achieve higher cyclability.
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Figure 1: Schematical representation of barrier layer thinning procedure, which shows decreasing the voltage
to reduce the electrical impedance of Aluminum Oxide layer at the bottom of the pores.
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(a) Pore size distribution of AAO template. (b) FFT result of AAO template, which shows
perfect honeycomb structure due to 6 bright dots
in its FFT spectrum.
Figure 2: Pore size distribution and FFT result of AAO template after two step anodization procedure.
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(a) Thickness estimation of AAO template. (b) Pore wall estimation of AAO template.
Figure 3: Thickness and pore wall estimation of AAO template, which could be used to calculate the aspect
ratio of self-assembled pores.
17
(a) Impedance magnitude versus frequency for
before and after BLT procedure.
(b) Imaginary part versu real part of impedance
plot (Nyquist plot) for before and after BLT pro-
cedure.
Figure 4: Effect of BLT procedure on Nyquist plots of AAO template.
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(a) Electrical circuit of Nyquist plot before
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(b) Electrical circuit of Nyquist plot after
BLT procedure.
Figure 5: Electrical circuits equivalence of Nyquist plots before and after BLT procedure.
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(a) Long-range order structure of Cu-Sn
nanowires after AAO template dissolution.
(b) Diameter estimation of Cu-Sn nanowires in
order to estimate their aspect ratio.
Figure 6: FE-SEM microscopy images of Cu-Sn nanowires after AAO template dissolution.
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(a) EDS spectrum of Cu-Sn nanowires, which shows their chemical composition.
(b) X-ray diffraction spectrum of Cu-Sn nanowires as well as their crystalline struc-
tures.
Figure 7: EDS and X-ray diffraction spectra of Cu-Sn nanowires.
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Figure 8: Experimental data and linear fitted equation for chemical compositions of solution and nanowires
of 10 samples.
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Table 1: Chemical compositions of solution and nanowires obtained from EDS.
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